A simple and fast stripping voltammetric detection method has been designed for selective and non-selective measurements of heavy metal ions in a flow-injection system. A special computer numerical method is introduced for calculating the analyte signal and noise reduction, where the signal is calculated based on the partial and total charge exchange at electrode surface. For a selective determination, the currents are integrated in the range of the oxidation and reduction of the analyte. For non-selective measurements, the integration range is set for the whole potential scan range (including oxidation and reduction of the Au surface). The time for stripping has been shown to be less than 300 ms. The main advantages of the detection method are as follows: first, removal of oxygen from the measured solution is not required; second, it is sufficiently fast for the determination of heavy metal ions in various chromatographic analysis methods. The limit of detection for tested ions was between 3 × 10 -9 and 6 × 10 -10 M, and the relative standard deviation at 50 ppb Pb 2+ was 4.7% for 10 runs.
Introduction
Stripping voltammetric techniques can offer rapid and low-cost analysis of heavy metals in aqueous systems with sensitivity in the low parts-per-billion range. 1 Indeed, the application of such techniques in flowing solutions, because of the movement of the analyte zone in an electrochemical flow cell, requires fast accumulation of the analyte and a fast potential sweep, which is not suitable for larger electrodes. 2, 3 Generally, electrochemical measurements at solid electrodes are not appropriate for processes that are kinetically controlled or irreversible. The reason is that the surface of the solid electrodes is easily poisoned by products of the redox reactions of the species or other impurities in the solution. Most problems in those methods, however, can be solved by the application of ultramicroelectrodes (UMEs). In fact, the use of voltammetric techniques has been further stimulated by the advent of UMEs, for example, steady state currents, higher sensitivity due to increased mass transport, and the ability to perform electroanalysis in solutions with high resistance. 4 UMEs have been used as sensors for various applications, such as flowinjection analysis, 5, 6 in cardiovascular monitoring 7 and analyzing organic compounds. 8, 9 Another problem comes from changes in the characteristics of the electrode surface during a potential scan. If the solid electrode surface is oxidized and reduced during a voltammetric measurement, the electrode signal will have a large background current, which is associated with a high level of noise due to structural changes of the electrode surface. 10 Such currents can interfere with the electrode processes of interest and adversely affect the detection limit. 11 However, application of potential sweeping techniques (such as cyclic voltammetry or square wave voltammetry) associated with a potential waveform for electrode conditioning (or cleaning) can be very helpful. 12 EC conditioning allows the maintenance of a clean and active electrode surface for a reasonably long period of time.
As discussed later, the background current in voltammetric measurements can provide useful information about the adsorption processes and changes in the double layer at the electrode surface. For example, in square-wave voltammetric measurements, the change in the double-layer capacitance due to the adsorption of species on gold UME was used for the determination of anion acid. 13 In addition, a small amount of adsorption of species in a solution on the electrode surface can have a strong effect on the cathodic and anodic currents of the redox reaction of the electrode. This paper describes a simple and fast stripping voltammetric detection method in a flow-injection system, by which heavy metal ions can be selectively or non-selectively measured. A special computer numerical method is introduced here for calculating the analyte signal and noise reduction. The signal calculation is based on the net partial and total charge exchange at the electrode surface by integrating the currents at a selected potential range at the cyclic voltammogram (CV). The detector, depending on the applied condition, can be used in the determination of heavy metal ions for various chromatographic analysis methods (for instance, capillary electrophoresis). Moreover, the sensitivity of the method was significantly improved depending on the mode of data processing that was used to calculate the detector response.
water (Corning Mega-Pure System, MP-6A and D-2) using analytical grade reagents. The reagents to prepare the stock eluent solution for flow-injection analysis (0.05 M H3PO4 and 1 M NaOH used for adjusting pH of the eluent) were obtained from BDH Chemicals. In all experiments, solutions were made up in the background electrolyte solution, and were used without removing of dissolved oxygen.
Flow-injection setup
The equipment used for flow-injection analysis included a 10 roller peristaltic pump (Microperpex Co.) and a four-ways injection valve (Supelco Rheodyne Model 5020) with a 50 µL sample injection loop. Solutions were introduced into the sample loop by means of a plastic syringe. The electrochemical cell used in flow-injection analysis is shown in Fig. 1 . The volume of the cell was 100 µL. In all experiments described in this paper, the flow rate of eluent solution was 100 µL/s.
Electrode preparation
Gold UMEs (12.5 and 10 µm in diameter) were prepared by sealing metal micro-wires (Goodfellow Metals Ltd., UK) into a soft glass capillary. The capillary was then cut perpendicular to its length to expose the wire. Electrical contacts were made using silver epoxy (Johnson Matthey Ltd., UK). Before each experiment, the electrode surface was polished for 1 min using extra-fine carborundum paper, and was then polished for 10 min with 0.3 µm alumina. Prior to being placed in the cell, the electrode was washed with water. In all measurements, an Ag(s) | AgCl(s) | KCl (aq, 1 M) reference electrode was used. The auxiliary electrode was made of a Pt, 1 cm length and 0.5 mm in diameter.
Data acquisition and processing
All electrochemical experiments were performed using a setup comprising a PC PII Pentium 300 MHz microcomputer equipped with a data acquisition board (PCL-818H, Labteck Co.) and a custom-made potentiostat. 14 In Fig. 2 , a diagram of the applied potential waveform during cyclic voltammetric measurements is shown. The potential waveform contains three potential time sections for; a) electrochemically cleaning the electrode surface, b) accumulating metal ions, and c) scanning the potential (current measurement).
At the first section, the electrode surfaces are electrochemical cleaned by applying potential steps. At the first step, the electrode surface is strongly oxidized by applying a very positive potential (EEc1 = 1600 mV for 100 ms). Within this time, all of the adsorbed metal ions are removed from the surface; and at the second step, the electrode surface is recovered (or renewed) by applying a negative potential (EEc2 = -400 mV for 100 ms). One reason for obtaining a clean electrode surface is that after each injection the baseline of the response curve returns to its original value (see Fig. 5 ).
At the second section of the potential waveform (Es), accumulation of the injected metal ions takes place. During this time (which is usually between 0.05 to 0.1 s) the metal ions are adsorbed at the electrode surface. The time for this process, however, depends on the type of analyte (or its rate of adsorption). Finally, at the third section of the potential waveform is a potential ramp. During this time current data are collected. All of the data-acquisition and data-processing programs were developed (by Delphi 6 ® program) in this laboratory.
Signal calculation
As mentioned above, the current passing through the electrode was sampled only during the potential ramp. For calculating the analyte response, there are two choices for selecting the potential range. First, integration of the current changes between potential E1 to E2 (the beginning and end potential values of the oxidation peak of the metal ion). This range depends on the formal potential (E˚) of the injected metal ion (so ∆Q(s, τ), called a selective signal measurement).
The second choice is integration of the net current changes over the whole scanned potential range. It must be noted that in this case, the current changes (result of injecting metal ions) at the voltammograms can be caused by various processes that can occur at the electrode surface. Those processes include; a) oxidation and reduction of adsorbed analyte, and b) inhibition of oxidation and reduction of the electrode surface by the adsorbed metal ions. Indeed, in order to see the influence of the adsorbed metal ions on the oxidation and reductions peaks of a gold surface, the scan rate must be set at very high rates (e.g., 20 to 700 V/s). However, during the scan, some of the adsorbed metal ions are oxidized. Depending on the rate of those processes and the scan rate, the amount of oxidized metal ions can be changed. The important point here is that part of the adsorbed metal ions still remain on the electrode surface, and can influence the redox process of the electrode surface.
Since this phenomenon can be seen for all the injected metal ions, the detector response can be seen for all of the injected metal ions, and the calculated ∆Q (∆Q(s, τ)) is non-selective.
To calculate the signal of the analyte in the injected sample, it was necessary to remove the background CV from the CV of the analyte. In fact, CV curves were recorded numerically by the sampling current in equal time intervals. In the computer program, the current integration over a potential range, E1 and E2, was calculated by,
where s is the sweep number, τ is the time period between subsequent sweeps, ∆t is the time difference between two subsequent points on the CV curves, i(s, E) represents the CV curve recorded during the k-th sweep and i(sr, E) is the reference CV curve. The reference CV curve was obtained by averaging a few CV curves recorded at the beginning of the experiment (i.e. before injection of the analyte). Typically, the averaging CVs included 5 to 11 curves. In the second method which was used for non-selective measurements, ∆Q was calculated based on the all current changes at the CV. A total absolute difference function (∆QTA) can be calculated by using
where Ei and Ev are the initial and vertex potential, respectively. All other symbols have the same meaning as in Eq. (1). All CV curves observed during the entire experiment (typically 200 to 4000 curves) were always stored in computer memory and could be saved onto a hard drive for future analysis, if desired. These equations show that for the same
flow-injection experiment the analyte response can be obtained using different integration limits. However, the selectivity and sensitivity of the analyte response expressed in terms of ∆Q strongly depends on the selection of the integration limits.
It should be noted that in this method, all studied processes involve the adsorption of analytes, and hence both charging and faradic currents may potentially carry useful analytical information. To obtain such information, it was important to sample the current at a frequency at least two times higher than the current transducer bandwidth. In order to fulfill this requirement, the sampling frequency was always at 70 kHz. In addition to removing noise from the data, a variable secondorder low-pass filter with a 100 -2000 Hz cutoff frequency was placed between the current output of the potentiostat and the data-acquisition board.
Selection of the correct cutoff frequency was done by fast fourier transform (FFT) method. In this method, at first, a CV of the electrode was recorded (see Fig. 3a ). Then by applying an FFT on the collected data, the existing high-frequency noises were indicated (see Fig. 3b ). Finally, by using this information, the cutoff frequency of the analog filter was set at a certain value (where the noises were removed from the CV). The resulting CV in Fig. 3c shows success the filtering procedure.
Moreover, if the main contribution to the baseline noise is from "white" noise generated by the potentiostat (lowfrequency noise), the integration procedure usually provides a 3 to 4-fold improvement in the signal-to-noise (S/N) ratio compared to simple monitoring of the current at a fixed potential. However, in the case of severe environmental noise (e.g. power line noise) the improvement may be much larger.
Results and Discussion
In this detection method, the main problem was stability of the background signal. This was mainly due to changes that occurred in the surface crystal structure during oxidation and reduction of the electrode in each potential cycle. Since the crystal structure of a polycrystal gold electrode strongly depends on the condition of the applied potential waveform, 15 therefore, various potential waveforms were examined in order to obtain a reproducible electrode surface (or a stable background signal). As a result, the best potential waveform that could produce a stable background and unchanged surface structure was the waveform shown in Fig. 2 . An example of an application of that waveform is shown in Fig. 4 . Figure 4a shows a sequence of CVs recorded during the flow injection of 50 µL of 1 × 10 -6 M Pb 2+ (in 0.05 M H3PO4) into an eluent solution containing 0.05 M H3PO4. The potential axis on this graph represents the potential applied to the working electrode during each sweep. The time axis represents the time passing between the beginning of the flow-injection experiment and the beginning of a particular sweep (in fact, it represents a quantity proportional to the sweep number). As can be seen, in the absence of Pb 2+ the shape of the CV curves is typical for a polycrystalline Au electrode in acidic media. 16 The characteristic element of CVs at the gold electrode is a set of peaks associated with the formation and dissolution of a surface oxide layer at about 1270 and -135 mV (when the potential sweep rate is 700 V/s), respectively. The process is also initiated by electrosorption of the hydroxyl ion, which at more positive potentials undergoes deprotonation and a structural rearrangement. 
At more positive potentials we have AuO according to the following reaction:
Figures 4b and 4c show the absolute current changes in the CV curves after subtracting the average background of 5 CVs (in the absence of an analyte). As can be seen, this way of presentation of the electrode response gives more details about the effect of the adsorbed ions on the currents of the CV. The curves show that the current changes mainly take place at two potential regions: a) the potential region of the oxidation and reduction of gold, and b) the potential region of reduction and oxidation of Pb. When the electrode-solution interface is exposed to a heavy meal ion, which can deposit on the electrode, the oxide-formation process becomes strongly inhibited. 17 In fact, inhibition of the surface process causes a significant change in the currents at the potential region a and, as a consequence, the profound changes in the shape of CVs take place. As mentioned above, the calculated ∆QTA, which includes the charge changes at potential regions a and b, is non-selective (or universal) and does not depend on the type of the adsorbed metal ion. However, in this case, in order to obtain a larger S/N, the integration range was set all over the voltammogram. The universality of the detector in this mode is very advantageous for chromatographic analysis, where a mixture of metal ions is present in a sample. Figure 5 illustrates the flow-injection response time of the detector due to the injection of 50 µL solutions of 1 × 10 -6 M Pb 2+ in H3PO4 0.05 M. Each curve is a result of using Eq. (1) in a different part (that is E1 to E2) of the recorded CV. In curve b (∆Q vs. time), integration is carried out in the forward sweep between 500 and 1100 mV (the redox reaction of Pb). Hence, a proper selection of the integration region requires a careful examination of the changes in the CV curves caused by a given analyte. A plot of the total absolute difference parameter is shown in the curve a. As expected, the magnitude of the peaks is larger than that for ∆Q vs. time plots. Despite this, the S/N ratio in curve b is a few-times lower than that for curve a.
A few points must be taken into considering this detection method. Theoretically, the analyte response can be affected by the thermodynamic and kinetic parameters of adsorption, the rate of mass transport and electrochemical behavior of the adsorbed species. The free energy and the rate of adsorption depend on the electrode potential, the electrode material, and to some extent, on the choice of the concentration and type of supporting electrolyte. In order to achieve the maximum performance of the detector, the effects of the experimental parameters were tested and optimized. These parameters were: pH of the supporting electrolyte, potential and time of the cleaning steps, accumulation condition and sweep rate. Here, more detailed studies of the effect of the experimental conditions on the electrode response were made only for a few example compounds, such as Pb 2+ , Cu 2+ , Ni 2+ and Cd 2+ . Figure 6 shows the cyclic voltammograms of an Au electrode at various pH values of the eluent. The anondic peak is related to the formation of an oxide layer at the gold electrode, and the cathodic peak is related to reduction of the oxide film, in which the potential of formation and reduction of the oxide film has been changed by the pH. The pH of the eluent not only changes the potentials of oxidation and reduction of the gold electrode, but also, at high pH values may convert free metal ions to the hydroxide or oxide form, which may result to precipitation of the metal ions. Therefore, it is clear that basic solutions (high pH values) are not suitable for the measurements. In general, the best S/N ratio was obtained at between pH 2 -3. In addition, the results show that at pH higher than 9, the noise level in the baseline (∆Q vs. time) is higher up to 7 -12% compared to that of an acidic solution.
Effect of the pH of the eluent

Effect of the accumulation condition
The sensitivity and linearity range of the measurement strongly depends on the time and potential of accumulation. Mainly, the accumulation of metal ions on the electrode takes place during the stripping step (assuming that an appropriate potential is selected). Figure 7 demonstrates the effect of the stripping potential on the Au electrode response (∆QTA) to the injection of a solution of 1 × 10 -6 M Pb 2+ , Ni 2+ , Cd 2+ and Cu 2+ in 0.05 M H3PO4. The curves show that the optimum potential for stripping these ions at negative potentials is similar, about -600 mV, and at a positive potentials is 1450 mV. Nevertheless, except for Pb, the sensitivity of the detection method at negative potentials is higher. This means that an efficient stripping of different metal ions can be carried out at the same stripping potential, which is essential for wide applications of the method in CE or HPLC detection. However, data in Fig. 7 indicate a sensitive detection of the metal ions (i.e. Cd 2+ , Cu 2+ and Pb 2+ ) requires a different setting of the stripping potential.
It is very interesting that these metal ions can be stripped on an Au electrode at either negative or positive potentials. Stripping at negative potentials is well known and used in stripping voltammetry analysis. At these potentials the metal ions are reduced and deposited on the electrode surface. It is well known that lead can be accumulated on an anode as PbO2, but the anodic stripping of Cd 2+ and Cu 2+ was rather unexpected. It is possible that at sufficiently positive potentials hydroxyl groups at the gold/solution interface undergo dissociation and that some metal ions may become covalently attached to the electrode surface via oxygen as Au-O-Metal. 18 The anodic stripping of Cd 2+ , Ni 2+ and Cu 2+ is not very efficient, perhaps because the adsorption equilibrium constants are relatively small; however in the case of Pb 2+ the accumulation can be carried out equally well at negative or positive potentials.
An examination of the CV curves (in Fig. 4) indicates that the under potential deposition (UPD) of metal ions on gold is electrochemically reversible; consequently, the accumulation of these ions on the electrode must be controlled by mass transport. As mentioned above, the surface of UME is very small, and in a very short time the electrode surface can be saturated. Figure 8 shows the electrode response expressed in terms of the stripping peak charge for Cd 2+ , Ni 2+ , Cu 2+ and Pb
2+
, shown as a function of an accumulation time. The figure shows that the electrode surface becomes saturated with the metal ions within 230 ms time window. In fact, the difference in the time of saturation of the metal ions can be related to the existing differences in their kinetics of the electron transfer and mass transport.
Calculations show that the limiting surface concentration, calculated from the limiting charge, was 9.7 × 10 -10 mol/cm 2 . Also, based on the initial slope of the ∆Q vs. time curve, the flux of the analyte was estimated to be 1.4 × 10 -9 mol s -1 cm -2 . Since in all experiments the electrode was exposed to analyte for a very short time, the rate of adsorption had to be very high. In quiescent solutions the flux of a depolarizer at a UME disk under steady-state conditions can be expressed as , Ni 2+ and Cu 2+ 0.05 M H3PO4. The following scan rate was 600 V/s. The accumulation potential was held at -500 mV for 300 ms. The electrode response was expressed as ∆QTA (right-hand-side scale).
where D is the diffusion coefficient, C0 the bulk concentration of metal ions and r the electrode radius. Figure 9 shows the Au electrode response to injections of solutions of 1 × 10 -6 M Cd 2+ in 0.05 M H3PO4, for different cleaning potentials. As can be seen, the cleaning step in the waveform can change the performance of the detector in two ways; first, it can change the baseline, and second it can affect the peak height. It is very likely that metal ions adsorbed during the stripping time are not completely removed during a single high-speed sweep. Consequently, for some metal ions the average residence time on the electrode surface may extend over a few cycles. If this is the case, a smaller number of surface sites is available for adsorption during the preconcentration time. In all of the studied cases, the cleaning of the electrode was completed after 20 or fewer sweeping cycles (for 150 ms cleaning time). It was intended to use a cleaning time longer than 250 ms due to the limitation in the number of points for the analyte response. It must be noted that under this condition, all injected samples of metal ions, studied in this work, are eventually completely removed from the electrode surface. This conclusion can be derived from the fact that the electrode response always returns to normal within a few seconds after the flowing supporting electrolyte flushes out the analyte. For example, in curve b, it can be seen that the baseline after each injection returns to the original level.
Effect of the cleaning potential
DC0 ---πr
Effect of the sweep rate Figure 10 shows the dependency of the detector response on the potential sweep rate. The effects of the sweep rate on the detection performance can be considered from two aspects: first, speed in data acquisition, and second, kinetic factors for the adsorption of metal ions. Also, the use of this detection method in conjunction with fast separation techniques, such as capillary electrophoresis, requires using high sweep rates. From this point of view, it is important to examine how the sensitivity of the method is affected by the sweep rate. In fact, to detect the adsorbed analyte on the electrode surface, high sweep rates must be employed so that the sweeping step is short compared with the stripping period. This is very significant in this detection method, notably, when the stripping of metal ions occurs at a potential that is very larger or smaller than Ei. The main reason for applying a high sweep rate is to prevent the desorption of the adsorbed metal ions during the potential scan. In addition, under this condition, an inhibition effect of the adsorbed metal ions on the oxidation process can take place. However, the sensitivity of the detection system mainly depends on the potential sweep rate, mostly due to kinetic factors concerning the adsorption, and instrumental limitations. The results obtained for the examined metal ions on the Au electrode show that the height of the electrode response is constant within the experimental error for sweep rates of between 20 and 700 V/s. This is not surprising, since in this case the main contribution to the signal arises from the electrical charge needed to remove adsorbed metal ions from the electrode surface.
This charge depends on the preconcentration conditions, but should be independent of the sweep rate. In addition, due to slow electrode kinetics and ohmic drops, these peaks are flattened at very high sweep rates, their charge decreases and, consequently, changes caused by adsorption of analytes become smaller. Figure 11 illustrates the obtained typical calibration curve for the detector (for example, Pb 2+ in 0.05 M H3PO4). The experimental conditions were set at the optimum values in order to obtain the best detection limits. As mentioned above, the electrode response could be expressed in various ways (see Eqs. (1) and (2)). Calibration curves were obtained for a nonselective and selective calculation of the analyte signal. The data points in Fig. 11 Cleaning potential Ec1 (in Fig. 2 ) was a) 1600 mV and b) 1000 mV. the classical stripping voltammetry method, in both calculation methods, the analyte response is proportional to the electrode coverage. This assumption, however, may be less obvious when the inhibition of oxide formation by adsorbates is considered, but not unlikely. For example, it has been shown that a decrease in the charge of the oxide formation region on gold, caused by adsorption of species, is proportional to the surface coverage. 20 Therefore, if the electrode coverage is controlled by the rate of mass transport, a linear calibration curve is expected up to the point when full electrode coverage is reached during the stripping time.
Calibration Curves
However, when the thermodynamics of the adsorption or kinetics of the interfacial step controls the electrode coverage, a linear calibration curve can be expected for only a very small coverage. Under the typical experimental conditions used in this work for strongly adsorbing metal ions, the linear portion of the calibration curve extends from about 10 -9 M to about 10 -10 M. Measurements carried out for small analyte concentrations allow the estimation of the detection limit (CDL),
where sb is the standard deviation (or noise) of the baseline around the flow-injection peak and m is the sensitivity of the method (change in the peak height divided by the change in the concentration) near the detection limit. To insure the best S/N ratio, the measurements were carried out at high sweep rates. In all cases the stripping time was 300 ms, but the integration limits in the calculation of the ∆QTA function were optimized to obtain the maximum S/N ratio. The detection limits obtained for several substances at Au UME electrodes are given in Table  1 . The detection limits were determined by injecting successively lower concentrations until a S/N of 10 was obtained.
The data in Table 1 also indicate that this method can compete with well-established methods when the ability to detect small concentrations is compared. It should also be stressed that amperometric detection is applicable only to substances that can be easily oxidized or reduced, whereas the method described in this work can be used for the detection of any metal ion. In this regard, the method offers a very significant improvement over the existing electroanalytical methods.
Conclusion
The results presented in this paper indicate that adsorption voltammetry associated with the selective (or non-selective) detection of metal ions at UME can serve as a fast and reliable technique for the trace analysis of heavy metal ions in a flowing solution.
Gold UME provides a stable response for several hours 3sb --m without any mechanical or chemical treatment. For example, for a 48-h test involving replicate measurements of the response for 1 × 10 -6 M Cd 2+ on a gold electrode in a continuously flowing 0.05 M H3PO4, the relative standard deviation of the results was 4.6% and there was no definite drift in the electrode sensitivity. The analyte signal, however, can be reliably expressed in terms of the total absolute difference only if the baseline drift is small (say, less than 1% during the entire experiment). Such a situation is commonly encountered in flow-injection experiments. It should be stressed that both the baseline drift and the choice of the reference CV curve have practically no effect on the detector response peaks, expressed in terms of ∆Q based on Eqs. (1) and (2). Indeed, the electrochemical pre-conditioning of an electrode, which takes place before potential sweeping, has an important influence on the stability of the electrode and the sensitivity of the method. The detection limit can be further decreased by increasing the stripping time in cases where the adsorption process is limited by mass transport or the surface kinetics; however, in same applications (for instants, CE or HPLC detection) this may lead to a deterioration of the zone resolution. Also, an improvement in the detection limit can be achieved by lowering the baseline noise. The noise level in such measurements depends to a large extent on the quality of the electronic equipment. 
